Aims/hypothesis We examined the effect of glucagon-like peptide-1 (GLP-1) on the development of diabetes and islet morphology in NOD mice by administering GLP-1 to prediabetic mice. Methods Eight-week-old female NOD mice were infused subcutaneously with human GLP-1 via a mini-osmotic pump for 4 or 8 weeks. In mice treated with GLP-1 for 4 weeks, blood glucose levels and body weight were measured. An intraperitoneal glucose tolerance test (IPGTT) and evaluation of insulitis score were also performed. Beta cell area, proliferation, apoptosis, neogenesis from ducts and subcellular localisation of forkhead box O1 (FOXO1) were examined by histomorphometrical, BrdU-labelling, TUNEL, insulin/cytokeratin and FOXO1/ insulin double-immunostaining methods, respectively.
Introduction
Glucagon-like peptide-1 (GLP-1) is an insulinotropic peptide that is secreted by the L-cells of the gastrointestinal tract in response to the ingestion of nutrients [1] . GLP-1 not only enhances glucose-dependent insulin secretion and glucose utilisation by the peripheral tissues [2] , but also inhibits glucagon secretion, gastric emptying and gastric acid secretion, as well as reducing food intake [3] [4] [5] [6] [7] . It has also been demonstrated that GLP-1 agonists stimulate beta cell proliferation and neogenesis in rats, along with increased islet expression of pancreatic and duodenal homeobox gene 1 (Pdx1), Glut2 (also known as solute carrier family 2 [facilitated glucose transporter], member 2 [Slc2a2]) and glucokinase genes, as well as upregulation of insulin mRNA [8] . The translocation of forkhead box O1 (FOXOl) from the nucleus to the cytoplasm results in upregulation of Pdx1 expression through insulin receptor substrate 2 (IRS2)-mediated activation of the phosphatidylinositol 3-kinase (PI3-K)-protein kinase B (PKB) pathway [9] . More recent studies have demonstrated that administration of GLP-1 inhibits beta cell apoptosis via the PI3-K-PKB signalling pathway [10] [11] [12] . Importantly, the anti-apoptotic action of GLP-1 has also been demonstrated in freshly isolated human islets [13] . Furthermore, GLP-1 increased the survival of immortalised rodent beta cell lines after challenge with various apoptotic stimuli [12, [14] [15] [16] [17] . Because of these actions, GLP-1 offers several potential therapeutic advantages for patients with type 2 diabetes. For type 1 diabetes, treatment combining lisofyline (a synthetic modified methylxanthine) and the GLP-1 analogue exendin-4, with anti-lymphocyte serum and exendin-4 successfully reversed autoimmune diabetes, although treatment with exendin-4 alone was not successful in reversing glycaemic control in NOD mice [18, 19] . Like human autoimmune type 1 diabetes, the NOD mouse features a prediabetic phase that is characterised by insulitis (mononuclear cell infiltration into islets) without hyperglycaemia. The aim of the present study was to assess how GLP-1 treatment influences the development of diabetes in NOD mice during the prediabetic period.
Methods

Animals
Our colony of NOD mice was originally purchased from CLEA Japan (Tokyo, Japan) and was maintained on standard laboratory chow under a 12 h light-dark cycle. The mice were given free access to food and water. They were only fasted on the night before the glucose tolerance test. Institutional guidelines for the care and use of animals were followed. The incidence of diabetes reaches about 80% in female and 20% in male mice by 30 weeks of age. The 8-week-old female NOD mice selected for this study were divided into an experimental group and a control group. The protocols for the animal experiments were designed following the Principles of Laboratory Animal Care published by the National Institutes of Health and were approved by the Animal Care and Use Committee of Osaka University Medical School (Osaka, Japan).
GLP-1 treatment and measurement of plasma GLP-1
The experimental group was treated with GLP-1 and the control group was treated with saline for 4 weeks. Human GLP-1 (7-36) amide (AnaSpec, San Jose, CA, USA) was infused at a constant rate of 1.5 pmol kg −1 min −1 via a mini-osmotic pump that delivers the solution continuously for up to 28 days (ALZET, model 2004; DURECT, Cupertino, CA, USA) as described previously [20] . To initiate immediate pumping, we placed the pre-filled pumps in 0.8% saline for at least 40 h at 37°C before implantation. According to the manufacturer's guideline, GLP-1 was dissolved in 5% acetic acid buffer. Blood glucose levels and body weight were measured weekly during GLP-1 treatment for 4 weeks. To observe the changes of blood glucose levels after the completion of GLP-1 treatment, we also measured blood glucose levels until the end of monitoring. In a separate experiment, mice were treated with GLP-1 for 8 weeks from 8 weeks of age by replacing the first infusion pump by a second one to further examine the effect of continuous GLP-1 infusion on the development of diabetes.
To confirm the efficacy of continuous GLP-1 infusion, we measured the active plasma GLP-1 concentration in age-matched NOD mice using an ELISA method before and at 2 and 4 weeks after pump implantation. Because at least 200 μl of plasma is necessary for one measurement, we used one animal to measure one point concentration.
Whole-blood samples were obtained in mice before implantation of pumps (n=6) and 2 and 4 weeks after implantation of the GLP-1 pump (n=5 in each group). The plasma level of GLP-1 was measured with an ELISA kit [GLP-1 (Active) ELISA Kit; Linco Research, St Charles, MO, USA].
Intraperitoneal glucose tolerance test
The intraperitoneal glucose tolerance test (IPGTT) was performed before GLP-1 treatment (at 8 weeks of age) and 4 weeks after the treatment (n=6 in each group). Glucose (2 g/kg) was administered intraperitoneally to conscious animals after an overnight fast. Blood samples were collected from the tail vein into heparinised packed cell volume tubes at 0, 30, 60 and 120 min, and the blood glucose level was measured with a glucometer (Glutest Ace; Arkray Factory, Shiga, Japan). Plasma insulin levels were measured using a commercial ELISA kit (Glazyme; Sanyo-Kasei, Kyoto, Japan).
Immunohistochemical study
Immunostaining The pancreases were resected from 12-week-old female NOD mice after 4 weeks of either GLP-1 or saline infusion (n=6, in each group) and fixed in 10% phosphate-buffered neutral formalin. Paraffin-embedded sections (5-7 μm thick) cut at 500 μm intervals were stained with haematoxylin and eosin to observe mononuclear cell infiltration in and around the islet. Other sections were stained for insulin and BrdU using a polyclonal guinea pig anti-insulin and anti-BrdU antibodies, respectively, and were visualised with diaminobenzidine as described previously [21] . The grade of insulitis was scored on haematoxylin and eosin-stained sections. Approximately 250 islets from three different pancreatic regions (>300 μm interval between each section) were examined in each animal and scored as follows: 0 point for no apparent mononuclear cell infiltration in and around the islets; 1 point for 1-10% of the area occupied by mononuclear cell infiltration; 2 points for 10-25%; 3 points for 25-50%; and 4 points for >50% occupied [22] .
Morphometric analysis
We measured the beta cell area on three sections of each pancreas stained for insulin. Morphometric evaluation of the total beta cell area was performed by computer-assisted image analysis (Win RooF software Ver. 5.5; Mitani, Fukui, Japan) using light and immunofluorescence microscopes (Provis AX80T and AX80TR equipped with HDTV system and colour charged-coupling device camera; Olympus, Tokyo, Japan). The area of insulin-positive cells and the total area of the tissue section were evaluated for each section. Then, the percentage beta cell area was determined by calculating the ratio of the area occupied by insulin-positive cells to the total pancreatic area. Since this method is unable to clearly distinguish between beta cells derived from neogenesis and pre-existing beta cells, insulin-positive cells were counted together.
Beta cell replication BrdU is incorporated by newly synthesised DNA in replicating cells. Animals from both groups were injected with BrdU (100 μg/g body weight, i.p.) (Sigma, St Louis, MO, USA) at 6 h before the whole pancreas was removed. Sections were double immunostained to detect BrdU and insulin as described above. Then, the percentage of BrdUpositive beta cell nuclei relative to all beta cell nuclei was calculated and was taken to represent the percentage of BrdUpositive beta cells (BrdU L.I.).
Beta cell neogenesis from ductal precursors To evaluate the effect of GLP-1 on beta cell neogenesis, double immunostaining was performed to detect insulin-positive cells and cytokeratin-positive duct cells (see Electronic supplementary material [ESM] ). Using these sections, we quantified the newly formed beta cells in three different sections of each pancreas from six animals per group. We counted the number of insulin-positive cells in islet-like cell clusters (ICCs) in close contact with ducts, and the number localised in the duct cell lining (beta cells derived from neogenesis). The value for newly formed beta cells was calculated per square cm of the total pancreatic area.
Localisation of FOXO1 in beta cells Sections from 8-and 12-week-old mice treated with GLP-1 or saline were examined to assess the subcellular localisation of FOXO1 in beta cells after double immunostaining for FOXO1 and insulin. The sections were first incubated overnight with anti-FKHR antibody (1:50) (Cell Signaling Technology, Danvers, MA, USA) at 4°C after microwave treatment at 95°C for 10 min in the target retrieval solution (DakoCytomation, Inc., Carpinteria, CA, USA). After washing, sections were incubated with biotinylated goat anti-rabbit immunoglobulin (Vector Laboratories, Burlingame, CA, USA) for 30 min and FOXO1 was visualised with streptavidin-conjugated Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA). These sections were then immunostained for insulin as described above and were observed under a fluorescence microscope (AX80TR; Olympus).
Beta cell apoptosis
The pancreases from 17-week-old mice after treatment with GLP-1 (n=6) or saline (n=6) from 8 to 12 weeks of age were fixed in 10% phosphate-buffered neutral formalin and paraffin-embedded sections (5-7 μm thick) were cut at 300 μm intervals. Apoptosis was detected through labelling DNA strand breaks by the TUNEL method according to the manufacturer's protocol (TaKaRa in situ apoptosis detection kit; TaKaRa Biomedicals, Shiga, Japan), followed by staining for insulin to detect beta cells (for more details see ESM). At least 1,500 to 2,000 beta cell nuclei were counted per pancreas section at a final magnification of ×1,000. A fluorescence microscope was also used to confirm insulin and TUNEL positivity, thus identifying apoptotic beta cells by incubation with rhodamin-conjugated goat anti-guinea pig IgG for insulin.
Monitoring of diabetes mellitus
We monitored the occurrence of diabetes after cessation of the treatment from the age of 12 to 30 weeks in 10 mice per group. In addition, the occurrence of diabetes was further examined separately in connection with the 8 weeks of treatment with GLP-1 infusion from the age of 8 to 21 weeks in five mice per group.
The onset of diabetes was assessed by the detection of glucosuria using a glucose test strip (Taisei Medipac, Osaka, Japan) and was confirmed by blood glucose measurement three times per week from the day when positive glucosuria was detected. A blood glucose level >16.7 mmol/l (300 mg/dl) in three consecutive measurements was defined as indicating diabetes (date of onset is the first day).
Statistical analyses
Data are presented as the mean ± SEM. Statistical analysis was performed using Student's t test or ANOVA with the 'n-1' custom hypothesis test, as appropriate. Analysis of morning plasma glucose levels after GLP-1 treatment was performed using the Mann-Whitney U test. 
Results
Plasma GLP-1 level
The plasma levels of GLP-1 at 2 and 4 weeks after the pump implantation were 77.5±8.5 (n=5) and 70.2±5.8 pg/ml (n=6), respectively, while plasma GLP-1 before the implantation was 40.2±3.6 pg/ml (n=6) under normal feeding conditions. Plasma concentrations of active GLP-1 at both 2 and 4 weeks after the pump implantation were significantly elevated (p<0.01) and about 1.5-fold higher than before the pump implantation. We therefore considered this delivery system to be appropriate for this experiment. Improvement of glucose tolerance by GLP-1 GLP-1 treatment was initiated at 8 weeks of age. GLP-1-treated mice had significantly lower glucose levels from 2 weeks onwards during treatment (4.8±0.1 mmol/l, n=14, p<0.001 vs saline-treated mice 6.6±0.2 mmol/l, at 4 weeks after the start of GLP-1 treatment) (Fig. 1a) . Blood glucose levels were significantly lower in GLP-1 mice than in control mice at 13 weeks of age (4.7±0.2 mmol/l, n=18, p<0.001 vs saline-treated mice 6.1±0.2 mmol/l ) and at 14 weeks of age (4.8±0.2 mmol/l, n=18, p<0.001 vs saline-treated mice 6.0±0.3 mmol/l). This effect also continued at 15 (4.9±0.2 mmol/l, p<0.001 vs saline-treated mice 7.6±1.3 mmol/l) and 17 weeks of age (5.9±0.3 mmol/l, p<0.05 vs saline-treated mice 8.7±1.4 mmol/l) (Fig. 1b) . These results indicate that GLP-1 improved glycaemic control.
There was no significant difference in body weight between GLP-1-and saline-treated mice (Fig. 1c) , so the improved glycaemic control in GLP-1-treated mice did not result from weight loss.
The IPGTT was performed before treatment and at 4 weeks after the treatment. It showed no differences between the two groups before the treatment. However, after 4 weeks of treatment, the blood glucose levels of GLP-1-treated mice were 3.2±0.04 (0 min), 10.2±0.11 (30 min), 5.4±0.37 (60 min) and 4.1±0.26 mmol/l (120 min), whereas those of control mice were 4.0±0.09, 13.5±0.11, 9.3±0.36 and 6.5± 0.31 mmol/l, respectively (n=6 in each group). Blood glucose levels were significantly lower in GLP-1-treated mice than in saline-treated mice (Fig. 1d) . At 4 weeks, the plasma insulin levels of GLP-1-treated mice were 87±15 (0 min), 337±14 (30min), 226±41 (60 min) and 279±25 pmol/l (120 min), whereas the levels of saline-treated mice were 69±10, 224±24, 140±38 and 147±14 pmol/l, respectively. The insulin level in GLP-1-treated mice was significantly higher at 30 and 120 min (p<0.01 for both, n=6) than in control mice (Fig. 1e) .
Morphometric analysis
The islets seemed to be larger in GLP-1-treated mice (Fig. 2a) than control mice (Fig. 2b) at 12 weeks of age, so we measured the beta cell area in both groups. There was a significant increase in the beta cell area in the GLP-1 group (0.65±0.08%) compared with the saline group (0.40±0.04%, p<0.05, n=6) at 4 weeks after GLP-1 treatment (Fig. 2c) .
Effect of GLP-1 on beta cell proliferation and neogenesis There are two possible ways to increase the beta cell mass: the proliferation of pre-existing beta cells, and neogenesis or differentiation from pancreatic stem or duct cells. To examine beta cell proliferation, we evaluated the BrdU L.I. of beta cells by double immunocytochemical staining for insulin and BrdU (Fig. 3a-e) . The BrdU L.I. of 12-week-old GLP-1-treated mice (0.24±0.02%) was significantly higher than that of control mice (0.13±0.01%; p<0.001, n=5) (Fig. 3f) .
To evaluate the influence of GLP-1 on beta cell neogenesis, we counted the number of beta cells in the duct epithelium and the number in ICCs budding from the ducts. In NOD mice, the number of newly formed beta cells was more or less increased compared with those of other nondiabetic strains of mice (data not shown). However, the number of newly formed beta cells was further increased in the GLP-1 group (51.5±5.0/cm 2 ) compared with the control group (30.5±5.4/cm 2 ; p<0.05, n=5) (ESM Fig. 1a-c) . (The value is expressed as number of beta cells/cm 2 of the total pancreatic area.)
Localisation of FOXO1 protein and insulin in beta cells
To investigate the changes of subcellular localisation of FOXO1 protein in beta cells after GLP-1 treatment, we examined the localisation of FOXO1 and insulin in the pancreas by immunostaining. FOXO1 was predominantly localised in the nuclei of insulin-positive cells in 8-weekold mice (before treatment) (Fig. 4a-c) and in saline-treated 12-week-old mice (Fig. 4g-i) . In contrast, this transcription factor was mainly detected in the cytoplasm of many insulin-positive cells in GLP-1-treated 12-week-old mice (Fig. 4d-f) . Thus, GLP-1 treatment altered the subcellular distribution of FOXO1 and promoted its translocation from the nucleus to the cytoplasm in beta cells.
Effect of GLP-1 on beta cell apoptosis
We observed a greater number of insulin-positive apoptotic cells in the pancreatic sections of saline-treated mice at 17 weeks of age than in sections from GLP-1-treated mice (Fig. 5a,b) . To determine the percentage of TUNELpositive, insulin-containing cells, sections were doublestained for TUNEL and insulin. TUNEL-positive beta cells in saline-and GLP-1-treated NOD mice were 0.24±0.01 and 0.11±0.03%, respectively (p<0.01, n=6). As a result, GLP-1 caused a 54.2% decrease in the relative number of apoptotic beta cells.
Effect of GLP-1 on insulitis
To evaluate mononuclear cell infiltration in and around the islets, histological examination of haematoxylin and eosinstained pancreatic sections was done in the GLP-1 and saline groups. The GLP-1-treated 12-week-old NOD mice had significantly more islets with no apparent mononuclear cell infiltration than did the control mice (74.6 vs 51.6%). Insulitis in the GLP-1 group at this time point (at scores 2, 3 or 4) was less severe than in the control mice (at scores 2, 3 and 4) (all p<0.0001, n=4) (ESM Fig. 2 ). When the mice were 17 weeks old, the degree of each insulitis score showed no significant difference between GLP-1 (n=5) and saline groups (n=5).
Effect of GLP-1 on diabetes
The occurrence of diabetes was compared between mice treated with GLP-1 (n=10) or saline (n=10) from 8 to 30 weeks of age. As shown in Fig. 6a ,b, the onset of diabetes was detected from 15 weeks in the saline group, vs 19 weeks in the GLP-1 group. Occurrence of diabetes tended to be suppressed by GLP-1 at 20 weeks of age with 20% of the GLP-1 group having diabetes versus 50% of the control group. However, from Kaplan-Meier's life table analysis, the 50% duration of the non-diabetic period after GLP-1 and saline treatment was 11 and 9 weeks, respectively, while the cumulative incidence was not significant at the endpoint of observation by Cox-Mantel test. When the GLP-1 group was treated for 8 weeks from 8 weeks of age (n=5 in each group), no diabetes was observed in that group, while 60% of mice in the saline group had developed diabetes by 21 weeks of age. Thus, in both separate experiments, continuous infusion of human GLP-1 appeared to delay or suppress the onset of diabetes.
Discussion
Glucagon-like peptide-1 is a potent intestinal insulinotropic hormone that augments insulin secretion in rodents as well as in humans with type 1 or type 2 diabetes [23] [24] [25] [26] [27] . GLP-1 has been demonstrated to promote the proliferation and differentiation of beta cells in vivo [28] and in vitro [29] . In this study, we demonstrated that the glucose tolerance of NOD mice treated with GLP-1 significantly improved after a glucose load. After treatment with GLP-1 for 2 weeks, the blood glucose level was also significantly lowered. More importantly, the blood glucose level remained lower for 2 weeks after the end of treatment. We also confirmed that the effect of GLP-1 on blood glucose was mainly the result of an increase in beta cell mass. Either proliferation of preexisting beta cells and/or beta cell neogenesis can lead to expansion of the beta cell mass [30] . In our study, 8-weekold NOD prediabetic mice showed early lymphocytic infiltration into the islets. BrdU-positive beta cells were found in islets with various degrees of lymphocytic infiltration in the GLP-1-treated mice and were hardly recognised in the control mice. The BrdU L.I. of beta cells in the GLP-1 group was significantly higher than in the control group. Therefore, we conclude that GLP-1 promoted the proliferation of pre-existing beta cells. It is generally believed that islet precursor cells exist in the pancreatic ducts [31] . GLP-1 has been shown to induce the production of PDX1 in ducts and the differentiation of duct cells toward insulin-producing cells [32] . In GLP-1-treated NOD mice, we found that the number of newly formed beta cells originating from pancreatic ducts was increased. Thus, in addition to the promotion of preexisting beta cell proliferation, GLP-1 stimulated the differentiation of beta cells.
Apart from direct killing of beta cells by autoreactive T cells, another possible mechanism of beta cell loss in autoimmune type 1 diabetes may be cytokine-induced apoptosis [33, 34] . Recently, it was reported that GLP-1 and other growth factors have an anti-apoptotic effect [11] [12] [13] 35] . To investigate whether GLP-1 has an anti-apoptotic effect on beta cells in NOD mice, double staining for insulin and TUNEL was done to directly identify apoptotic cells [36] . Apoptotic beta cells were more easily detected in the islets of control mice. In contrast, such cells were rarely found in the islets of GLP-1-treated mice, although apoptotic cells were seen in the insulin-negative parts in and around the islets. In fact, GLP-1 treatment caused a 54.2% decrease in apoptotic beta cells compared with the control group. This result suggests that GLP-1 protected beta cells against cytokine-mediated apoptosis. We also demonstrated that the insulitis score became lower and the insulin-positive islet area was larger in GLP-1-treated mice, indicating that the anti-apoptotic activity of GLP-1 might have led to the survival of more beta cells in NOD mice and to maintenance and/or an increase of the beta cell mass.
As reported previously [10, 37, 38] , the binding of GLP-1 to its receptor transduces several intracellular signals including the signalling pathways involved in the proliferation and apoptosis of pancreas islet cells. In beta cells, these signals induce the activation of PI3-K and PKB as well as translocation of FOXO1 to the cytoplasm; they also promote cell survival and insulin secretion. The results of a recent study also revealed that the protective effect of GLP-1 on cytokine-induced apoptosis requires activation of PKB [39] . FOXO1 undergoes translocation to the cytoplasm when stimulated by insulin and other growth factors via the activation of PI3-K and PKB, while this forkhead transcription factor is dephosphorylated and localised to the nucleus in the absence of insulin [40] . In the present study, continuous infusion of GLP-1 induced translocation of FOXO1 to the cytoplasm in many beta cells, while FOXO1 was predominantly localised in the nucleus of insulinpositive cells in untreated NOD mice or saline-treated mice. It has been reported that FOXO1 and PDX1 demonstrate mutually exclusive nuclear localisation in beta cells and that nuclear localisation of FOXO1 is associated with weak or negative PDX1 localisation [9] . Therefore, it can be suggested that beta cell proliferation in GLP-1-treated mice was associated with the induction of cytoplasmic FOXO1 translocation, although we were unable to find a clear relationship between the localisation of FOXO1 and PDX1 (data not shown).
In the present study, we administered GLP-1 to prediabetic NOD mice for only 4 weeks. Yet it appeared to delay the development of diabetes. In addition, continuous infusion of GLP-1 for 8 weeks completely suppressed the development of diabetes during and at least until 5 weeks after cessation of the treatment. Our results demonstrate that GLP-1 had both an anti-apoptotic effect on pre-existing beta cells and also promoted the proliferation and/or differentiation of beta cells in NOD mice. In overtly diabetic NOD mice, it has been reported that a GLP-1 analogue (exendin-4) and anti-lymphocyte serum cured diabetes, while exendin-4 alone failed to achieve remission [18] . Although the mechanism leading to the remission of diabetes was not clearly demonstrated in the above experiment, the beta cell mass seemed to be increased by exendin-4 treatment. In fact, exendin-4 treatment of db/db mice has also been reported to delay the onset of diabetes through a mechanism involving expansion of the functional beta cell mass [10] .
Recent treatment of autoimmune type 1 diabetes with islet transplantation has focused attention on cell-based insulin replacement strategies. Together with the current developments in islet transplantation and stem cell therapy, GLP-1 may be a useful agent for regenerative medicine. To date, in vivo effects of GLP-1 on beta cell proliferation and neogenesis have not been demonstrated in the human pancreas, while chronic and continuous stimulation with endogenous GLP-1 is not to be expected because of the short half-life of GLP-1 (2-3 min) due to the existence of the enzyme dipeptidyl peptidase-IV [41] . However, GLP-1 analogues of much longer half-life have been recently developed for the treatment of type 2 diabetes [42] . Longterm stimulation with these analogues might exert the chronic effects of GLP-1 as demonstrated in the present study. Thus, our findings that continuous stimulation with human GLP-1 not only promotes beta cell proliferation and neogenesis, but also protects beta cells from apoptosis in prediabetic NOD mice, may lead to a novel therapeutic approach for type 1 and type 2 diabetes. 18591006).
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